I. INTRODUCTION
Field emission (FE), i.e., emission of electrons from any material due to the application of a high electric field, is a subject of current research because of its important technological aspects. [1] [2] [3] Some of the areas, where FE has been identified as an alternative/new technological process, are (i) FE displays (FED), 4 (ii) FE microscopes (FEMs), 5 (iii) field emission based microwave generation, 6 (iv) field emission based micro X-ray source, 7 (v) planner field emission source, 8 etc. In 1928, Fowler and Nordheim theoretically formulated FE properties based on a quantum mechanical tunneling process and established a relation between FE current density J versus applied electric field E as follows:
where J is the FE current density, b is the field enhancement factor, E is the applied electric field, u is the workfunction of the material, and a and b are two constants given by a ¼ e . Equation (1) clearly shows that there are basically two important quantities, b and u, which determine the overall performance of a field emitting material of height h and tip radius r. The work function u plays a vital role in the field emission process. The field enhancement factor b is defined as the ratio of the local electric field (E local ) at the emitter tip to the applied electric field (E). Although the dependence of b on the surrounding environment of the emitter reveals its geometrical dependence on the h/r ratio to some extent, existing reports show its geometrical dependence proportional (with or without addition to a constant factor) to h/r. [9] [10] [11] Therefore, while designing a FE emitter the above aspects are to be considered with utmost care. 8, 9 However, even if a field emitting material emits electrons efficiently, it does not ensure temporal stability of current under operative conditions at high electric fields for a substantially longer duration. Therefore, it is important to grow FE materials that also have long temporal stability so that they can be used in FE devices with enhanced reliability.
Due to their unique electrical and physical properties, 2, 12 since their discovery carbon nanotubes (CNTs) are considered as one of the most promising materials for field emission from both fundamental aspects and practical point of views. 13 The best advantage offered by CNTs as electron emitters by field emission process is their high aspect ratio and efficient electron emission at relatively lower applied voltage over electrode separation. 14, 15 However, it has also been observed that the temporal stability of FE current is not a)
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V C 2014 AIP Publishing LLC 116, 164309-1 expectedly high due to a possible damage of CNTs and disordered nature of the same in thin film under high voltage during a FE measurement. In order to improve the temporal stability, retaining high current, synthesis and study on composite materials consisting of CNT and other compounds (oxides, nitrides) has become subject of current research. 9, 16 For synthesis of such nanocomposite films, it is better to have a compound with a relatively lower work function and with better vacuum stability. Lanthanum hexaboride (LaB 6 ), a rare earth and low work function ($2.6 eV) thermionic material, has already been used as vacuum stable, high density electron source in electron microscopes due to its high melting point of 2500 C, 17 high electrical conductivity, 18 and low vapor pressure at high temperature. 19 Recently, field emission studies of LaB 6 nanowires [20] [21] [22] and nanorods 23 clearly indicate that this material can also be used as an efficient FE electron source for microscopes. Attempts have also been made to grow lanthanum hexaboride (LaB 6 )-multiwalled CNT (MWCNT) nanocomposite films 24 as well as LaB 6 decorated MWCNT films 25 for field emission studies. An enhancement in field emission current due to LaB 6 decoration has been noticed and correlated 25 with reduction in workfunction in the decorated films. However, a detailed analysis of FE temporal stability has not been carried out and the role of microstructure, which has a strong influence on field emission, has not been addressed in the previous works.
In this work, we have adopted a novel borothermal route to grow nanoparticles of LaB 6 (synthesized using lanthanum precursor), which were further used for decoration of multiwalled CNT films. Field emission properties of LaB 6 , CNTs, and LaB 6 coated MWCNT are compared. Here, the temporal stability of FE current and correlation of FE properties with microstructure is reported for LaB 6 -MWCNT composite material for the first time. A remarkable improvement of the field emission properties of LaB 6 coated MWCNT suggests its potential application such as an electron source in field emission microscopes.
II. EXPERIMENTAL A. Sample preparation
Microwave plasma enhanced chemical vapor deposition method was used to synthesize MWCNTs following the same procedure as reported in our earlier work. 26 In short, 550 W microwave power was applied at 2.45 GHz frequency and the chamber pressure was kept at 1.0 Torr for MWCNT deposition. A mixture of hydrogen and acetylene with a precisely maintained ratio of 1:5 at a pressure of 5.0 Torr was used as precursor gas. The sample was initially pretreated at 720 C for 15 min in presence of H-Ar plasma at a pressure of 2.5 Torr and cooled under hydrogen atmosphere after growth.
Lanthanum hydroxide precursor, synthesized by the reverse micellar route, was used as a precursor (for details see our earlier work 23 ) and boron as starting material to synthesize lanthanum hexaboride (LaB 6 ). Finally, polycrystalline LaB 6 solution (0.05 g of the as-obtained pure polycrystalline LaB 6 , dispersed in 2.0 ml of ethanol: ethylene glycol mixture (1:1 volume ratio)) was spin coated (3000 rpm for 60 s) on a MWCNT film followed by a slow drying process (at 200 C at a rate of 20 C/h) in Ar atmosphere to obtain the LaB 6 -CNT composite. LaB 6 reference sample used for Raman study was synthesized on bare Si substrate with the same procedure as discussed above.
B. Characterization
FE scanning electron microscopy (FESEM) (Manufacturer: FEI, Model: Nova NanoSEM, operated at 10.0 kV) was used to verify the surface morphology of the sample and to ensure that coating was achieved. Transmission EM (TEM) (Manufacturer: Philips, Model: CM 20 FFG) with 200.0 kV electron beam was utilized further to examine the microstructure of the sample. X-ray photoelectron spectroscopy (XPS) (SPECS) was used to show the presence of La and B atoms within coated sample. Mg K a source (h ¼ 1253.6 eV), in a base vacuum below 1.0 Â 10 À9 mbar was used during the experiment. For the cleaning of the surface, sample was sputtered with Ar ions of energy 5.0 keV for 1 min. The work function of the LaB 6 -MWCNT composite was experimentally determined by ultraviolet photoelectron spectroscopy (UPS) (Manufacturer: Vacuum Generators Microtech, Model: ARUPS 10) at room temperature using a helium-I lamp (h ¼ 21.20 eV) at a chamber base pressure well below 3.75 Â 10 À10 Torr. The Fermi edge position was calibrated with sputtered high purity Co and Au films used as references. Quality assessment of the composite sample was done by micro-Raman spectroscopy (Manufacturer: Horiba JY, Model: LabRam HR800) under laser excitation of k ¼ 632.8 nm using a power below 0.5 mW (in order to reduce sample heating) and a 100Â objective (N.A. ¼ 0.9). FE studies were performed in a high vacuum steel chamber (at a pressure of 7.5 Â 10 À7 Torr) by monitoring the emission current using a DMM (Keithley 2000 Multimeter) under an applied electric field varying from 1.75 to 5.00 V/lm (in diode geometry keeping fixed anode-cathode distance of 200 lm) from a DC power supply (Stanford High Voltage DC Power Supply PS350). The stability of the FE current at a constant electric field of 4.00 V/lm was checked for 10 h with a sampling interval of 10 s. The FE measurements and the stability measurements were done using a computer-controlled LabVIEW program and the analysis of both data sets was done using a MATLAB program. (More details can be found in our earlier report. 8, 9, 16 )
III. RESULT AND DISCUSSION
The surface morphologies of the pristine MWCNT and the LaB 6 -coated MWCNT composite films were analyzed from FESEM images (Figure 1 ). The grown CNTs are clearly visible in Figure 1(a) . The growth of LaB 6 nanoparticles on MWCNT apex as well as on MWCNT walls results in an increment of effective emissive area and is evident in Figure 1(b) . However, these micrographs do not give a clear picture of the LaB 6 growth inside or outside the CNT walls, although the image indicates the enhancement of emissive area and emission sites.
Further TEM analysis of pristine MWCNT films ( Figure  2(a) ) gives a diameter distribution varying from 20 nm to 40 nm with a hollow bore distribution between 4 and 15 nm. From Figure 2(b) , it is clear that the LaB 6 nanoparticles create defects in MWCNT due to nanoprotrusions in addition to the nanoparticle decoration as seen from SEM micrograph (Figure 1(b) ). The size distribution of the LaB 6 nanoparticles (as considered from image contrast) varied from 5 to 6 nm. Also, no changes in the surface smoothness are observed between pristine MWCNT and LaB 6 -coated MWCNT, which implies that the lowering of work function (discussed later) in LaB 6 -coated MWCNT composite is only due to the defect introduction within the MWCNTs.
Energy dispersive X-ray (EDX) analysis is also performed on both samples during the measurements. Due to the very low content of La and B in the coating, it is not possible to detect them in the EDX spectrum, recorded in the TEM. Therefore, X-ray photoelectron spectroscopy (XPS) was carried out on coated sample to confirm the presence of La, B within the sample. Figure 3(a) shows the XPS spectra of the LaB 6 coated MWCNT sample over the whole range (Survey spectrum). A strong La 3d5 (838.9 eV), La 3d3(853.0 eV), and La 4d (102.0 eV) characteristic peak are obtained, which confirms the presence of La and a weak B 1s (194.4 eV) (Figure 3(b) ) peak is found, which confirm the presence of B within the coated sample. Low B to La ratio is obtained due to the preferential sputtering of B over La. 27 Prominent C1s peak proves the existence of carbon within the sample. Furthermore, the structural modification of the CNTs due to LaB 6 coating is analyzed by Raman spectrometry as discussed below.
The Raman spectra of these films are shown in Figure 4 . The frequency range below 1250 cm À1 shows a complex signature, which is visible on the LaB 6 reference sample (pristine LaB 6 ) and reproduced on the LaB 6 coated MWCNTs, confirming the successful coating of MWCNT films. The Raman spectra of these films are shown in Figure 4 visible on the LaB 6 reference sample (pristine LaB 6 ) and reproduced on the LaB 6 coated MWCNTs, confirming the successful coating of MWCNT films. The observation of such a complex spectrum requires activation of multiple forbidden phonon modes, 28 and the reason for that requires further thorough investigation, which is outside the scope of this work. The spectra also show characteristic features of CNTs: the D (1330 cm
À1
) and D 0 (1620 cm
) bands are activated by the presence of defects 29 (vacancies, impurities, substitutional, and functional groups, etc.), the G band (1580 cm
) originating from planar vibrations of carbon atoms, and additional second order peaks above 2500 cm
. The spectra exhibit appreciable changes in the intensities of D and D' bands, which can be clearly attributed to the increase in defect concentration up to 75% as deduced from a change in the intensity ratio D/G from 0.4 to 0.7. The increase in defect concentration in MWCNT coated with LaB 6 could increase the density of electron emission sites as well as decreasing the work function of the film. 30, 31 Although a systematic study of the impact of defect concentration (and type) on the field emission properties of MWCNT films is desirable, it is beyond the scope of the present work.
We believe that coating with LaB 6 would only affect the outer walls of the MWCNT interacting directly with the nanoparticles. This would cause a localized increase of defects and therefore of the number of emission sites at the MWCNT surface. In addition, the second order 2D band is modified after interaction with LaB 6 due to its high sensitivity to perturbations to the electronic structure.
The decrease in the intensity of the 2D (G 0 ) peak in MWCNT is rarely discussed in the literature, but it could be attributed to higher defect concentration due to higher electron scattering. 32 The possibility of p-type doping by LaB 6 nanoparticles due to a change in workfunction of the materials 33 similarly to the case of graphene, can contribute to the þ5 cm À1 upshift of the 2D band after functionalization. Therefore, in addition to the increase in defect concentration, the changes in work function could explain the shift of the 2D band. These spectroscopic observations suggest a chemical interaction of the LaB 6 composite with the walls of the MWCNT. 34 The work function of LaB 6 -coated MWCNT was determined experimentally from the UPS study ( Figure 5 ). The work function of the composite is (4.10 6 0.15) eV, which is considerably lower than that of pristine MWCNT (4.90 eV). 16 This calculation was done by subtracting the secondary electron cut-off position at À17.10 eV from the excitation photon energy of 21.20 eV. This result evidences the lowering of work function of pristine MWCNT due to the LaB 6 coating. This reduction of work function can be explained as follows: MWCNTs are not defect free. 29 So, LaB 6 migrates into the MWCNT walls (outer walls) by oxygen replacement and/or adsorption. As a result, some part of the high work function MWCNT walls are replaced by the low work function LaB 6 materials, which lower effective barrier height and narrow the interfacial barrier between LaB 6 and MWCNT. 35 As a combined effect of these, the effective work function of the coated material reduced from that of pristine MWCNT.
A comparative emission current density (J) versus applied field (E) plot for the pristine MWCNT film, pristine LaB 6 film, 23 and LaB 6 -coated MWCNT film is shown in Figure 6 . At a constant electric field of 4.0 V/lm, the maximum emission current density of LaB 6 coated MWCNT is (918.9978 6 0.0001) lA/cm 2 , which shows a 4.5-fold increase in comparison to that of the pristine MWCNT film ((198.5960 6 0.0001) lA/cm 2 ) and a 25 fold increase in comparison to that for pristine LaB 6 film ((37.4014 6 0.0001) lA/cm 2 ). 23 Due to the LaB 6 -coating on the MWCNT film, the turn-on field (applied field needed to get an emission current of 10.0 lA/cm 2 ) is observed to reduce to (2.3 6 0.2) V/lm from (2.7 6 0.2) V/lm for pristine MWCNT film and the threshold field (field needed to be applied to get an emission current of 100.0 lA/cm 2 ) is observed to reduce to (3.0 6 0.2) V/lm from (3.60 6 0.15) V/lm for the pristine MWCNT film. The maximum current density for LaB 6 never achieved 100.0 lA/cm 2 within experimental conditions, which limited the calculation of the threshold field for this sample.
The work function of the composite is calculated from the equation
which can be obtained by rearranging the standard FN equation, (Eq. (1)), where u is the work function, m is the slope calculated from the corresponding FN plot (Figure 7) , and C is the intercept on the corresponding Y-axis in the FN plot. The work function of the LaB 6 -coated MWCNT film is calculated to be (4.3 6 0.
2) eV, which shows good agreement with our UPS result on the same sample. Recently, Kumari et al. 25 calculated the work function of LaB 6 -coated carbon emitter array (CEA) to be 2.68 eV. We have considered effective emissive area to calculate the work function of the sample. 36, 37 In work function calculation, we have taken care of the effective emissive area contribution for LaB 6 -coated MWCNT to obtain better accuracy, which is also well supported by the experimental value. At the lower electric field, all the active emitters may not be activated. So, the enhancement factor (b) is calculated at higher electric field side by determining the slope value of the FN plot, which amounts to 2471 for the LaB 6 coated MWCNT film, 3565 for the pristine MWCNT film, and 1988 for the pristine LaB 6 film. 23 Kirley et al. shown that the total available charge in LaB 6 is directly proportional to the thickness of the film. These charges diffuse through barrier and the residual charges causes screening to the external field. So, in a thin film, most/all of the charges diffuse to the substrate (assuming MWCNT is metallic), which cause significant bending in energy band and narrowing the interfacial barrier. So, the conduction electron can easily tunnel through the narrow barrier. Since LaB 6 is low work function material (compared to MWCNT), vacuum energy level bend lower, and closer toward the Fermi energy, resulting in increment in overall emission current and hence field enhancement factor. 38 So, this increment in enhancement factor is a combined effect of narrowing of interfacial barrier, band bending, addition of new emitter sites within coated sample as well as of reduction in electron transportation path (and hence effective barrier height). 8, 9, 39, 40 Moreover, the defects effectively create nanoprotrusions leading to improved FE current and emission uniformity as reported earlier. 35 To measure the temporal stability of both coated and uncoated films, the emission current is monitored at a constant electric field (4.0 V/lm) for 10 h with 10 s intervals. The current density versus time plot for all the samples are compared (for small time limit (6 h)) in Figure 8 . For the LaB 6 -coated MWCNT film, current fluctuation (cf) 9 is found to be 0.17% in comparison to 3.16% for the pristine CNT and 15.69% for the pristine LaB 6 sample. 23 This result shows that the LaB 6 coating of MWCNT film increases the stability of the composite film compared to their pristine counterparts. The drifting distance of the electron through which electron travels within the sample, decreases due to higher dielectric constant of LaB 6 (with respect to air). As a result, joule heating is reduced and less current fluctuation is observed for the coated sample. 9, 39, 40 Another probable reason behind the improvement of time stability of coated film is protection effect of LaB 6 particle on MWCNT tips and walls against oxygen, which prefers to attach defect sites of MWCNT layers. 35 Comparing overall results, the LaB 6 -coated MWCNT film shows highest stability, highest electron emission current, highest enhancement factor with lowest turn-on and threshold fields as compared to its pristine individuals. This can be considered as a potential candidate for high current electron sources in FE microscope and in future generations of cathodes in field emission display devices. 
IV. CONCLUSION
In summary, LaB 6 is coated on a MWCNT film following a simple synthesis technique to improve field emission properties of MWCNT films. A significant increase of the FE current for the coated film is observed in comparison to its pristine counterparts. In addition, the LaB 6 coating improved other FE parameters such as turn-on field, threshold field, enhancement factor, and effective emissive area. Our result shows that (i) the creation of new emission sites, (ii) increment of effective emissive area, (iii) narrow interfacial barrier, (iv) larger band bending toward Fermi level causing reduction in effective barrier height, (v) lowering effective work function, (vi) reduced joule heating due to reduction in electron drifting length, and (vii) protection effect of LaB 6 particle on MWCNT walls and tips against oxygen are the reason behind improvement of FE properties of coated sample. Furthermore, the decrease in workfunction of the coated films is supported by our theoretical analysis and verified by the experimental results here reported.
To conclude, LaB 6 coated materials can be considered as highly stable and high electron current emitter sources from both research and commercial device point of views due to the intense electrical properties as well as the easy and cost-efficient synthesis in comparison to other materials.
